Here, Mg x Ce 1Àx O 2 (where x = 0, 0.01, 0.02, 0.03, 0.04, and 0.05) nanostructures have been successfully synthesized by using a simple, easy, and cost-effective soft chemical method. X-ray diffraction (XRD) patterns substantiate the single-phase formation of a CeO 2 cubic fluorite structure for all samples. Infrared spectroscopy results depict the presence of peaks only related to Ce-O bonding, which confirms the XRD results. It has been observed via ultraviolet (UV)-visible spectroscopy that Mg doping has tuned the optical band gap of CeO 2 significantly. The electrical conductivity of CeO 2 nanostructures has been found to increase with Mg doping, which is attributed to enhancement in carrier concentration due to the different valance states of dopant and host ions. Selective cytotoxic behavior of Mg x Ce 1Àx O 2 nanostructures has been determined for neuroblastoma (SH-SY5Y) cancerous and HEK-293 healthy cells. Both doped and undoped CeO 2 nanostructures have been found to be toxic for cancer cells and safe toward healthy cells. This selective toxic behavior of the synthesized nanostructures has been assigned to the different levels of reactive oxygen species (ROS) generation in different types of cells. This makes the synthesized nanostructures a potential option for cancer therapy in the near future.
I. INTRODUCTION

RARE earth oxide nanostructures have extraordi-
nary physiochemical characteristics such as optical, magnetic, and electronic properties because of their unfilled 4f electronic structure. [1] CeO 2 is an important rare earth oxide having a wide band gap and stable cubic fluorite structure. It is a highly reactive rare earth metal oxide that is used in various fields such as catalysis, polishing materials, luminescence, optical additive, ultraviolet (UV)-adsorbents, hydrogen storage materials, oxygen sensors, solid oxide fuel cells, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] ionic conduction, and as counterelectrodes for electrochromic devices. CeO 2 nanostructures have received much attention due to their changed and enhanced characteristics as compared to their bulk counterparts. [12] [13] [14] [15] In recent years, several synthetic methods have been used to explore CeO 2 nanostructures fabrication such as the surfactant-assisted approach, [16] micro-emulsion, [17] spray pyrolysis, pyrolysis (low temperature or spray), [18] thermodecomposition, [19] reflex method, [20] hexamethylenetetramine, [21] microwave-assisted heating, [22] chemical co-precipitation, [23] organometallic decomposition, [20] solution and solid combustion methods, [24] sol-gel methods, [25] flow method, [26] hydrothermal synthesis, [27] microwave heating, [28] and gas and sonochemical methods. [29] The chemical co-precipitation technique has several advantages, such as low cost, high reproducibility, versatility, and control over particle sizes and shapes. [30] Furthermore, it has been reported that several properties of CeO 2 and its photocatalytic activity can be tuned via selective chemical doping. [31] Magnesium (Mg), having a lower vallancy than Ce, can stabilize and tune various properties of CeO 2 nanostructures. In this article, a series of CeO 2 nanostructures doped with different concentrations of Mg ions have been synthesized by a simple, wet chemical co-precipitation technique at a comparatively low temperature. The influence of Mg content on the structural, optical, and dielectric characteristics of CeO 2 nanostructures has been studied in detail. Moreover, the cytotoxicity of the synthesized Mg x Ce 1Àx O 2 nanostructures toward cancerous and healthy cells has been investigated in detail.
II. MATERIALS AND METHODS
A. Synthesis of Undoped and Mg Doped CeO 2
For synthesis of Mg x Ce 1Àx O 2 nanostructures, chemicals like cerium nitrate (CeNO 3 ) 3 .6H 2 O and magnesium sulfate (MgSO 4 ).7H 2 O were used as precursor materials.
The synthesis was done via a simple co-precipitation technique by using distilled water as a solvent. A total of 2.17-g powder of (CeNO 3 ) 3 .6H 2 O and 2-g granular NaOH were dissolved in 50-mL distilled water separately to obtain 0.1-and 1-M solutions, respectively. Furthermore, 2 mL of acetic acid was added to the precursor solution as a surfactant to control the particle size. Then the NaOH solution was added to this solution dropwise until a pH value of 10 was reached and was further stirred for 1 hour to complete the reaction. Finally, precipitates were washed several times with distilled water and collected via centrifugation. For Mg doping, a similar practice was followed whereby MgSO 4 -7H 2 O was added to (CeNO 3 ) 3 AE6H 2 O with various molar ratios of 1, 2, 3, 4, and 5 pct Mg. The collected precipitates were dried in an electric oven for 12 hours at 353 K (80°C) and then grinded to acquire the powder. For decomposition of the precipitates, samples were heated in an electric oven for 2 hours at 453 K (180°C) and annealed at 573 K (300°C).
The structural properties of the prepared samples were characterized by X-ray diffraction (XRD) technique in the 2h range of 20 to 80 deg using a PANalytical X-ray diffractrometer (Model: 3040/60 X'Pert PRO made in The Netherlands), which uses CuKa X-rays with a wavelength of 1.54 Å . Surface morphologies were investigated by using scanning electron microscopy (SEM) (JEOL, SEM, Model JSM6490LA). The surface chemistry was analyzed by Fourier transform infrared spectroscopy (FTIR) (NICOLET 6700 FTIR spectrometer made by THERMO SCIENTIFIC, USA) with the KBr technique. Pellets of the synthesized nanostructure and KBr were made via a hydraulic presser, and for background corrections, FTIR spectra of only the KBr pellets was recorded. UV-visible absorption spectroscopy was used to investigate the optical characteristics of the synthesized nanostructures. The powder samples were dispersed in distilled water in a certain amount, and their absorption spectra were recorded by using a PerkinElmer Lambda 200 UV/VIS/NIR absorption spectrometer. For electrical characteristics analysis, pellets of Mg x Ce 1Àx O 2 nanostructures were made with the help of a hydraulic presser. These pellets were then sintered in an electric oven at 453 K (180°C) for 2 hours. For electrical contacts, silver paste was coated on these pellets. The AC measurements were carried out by using a Wayne Kerr 6500 B Impedance analyzer at room temperature in the frequency range of 1 kHz to 5 MHz. The dielectric constant (e¢) was calculated from the following equation:
where t is the thickness of the pellets, C p is the equivalent parallel capacitance obtained experimentally, A is the area of the pellets, and e o is the permittivity of the vacuum. The dielectric loss (e¢¢) was calculated from the multiplication of e¢ with the dissipation factor D obtained experimentally. Finally, the AC conductivity was calculated from the following equation:
where tand ¼ e 00 =e 0 :
B. Cell Culture and Treatment
The SH-SY5Y and HEK-293 cancerous and healthy human cell lines, respectively, were purchased from American Type Culture Collection (Manassas, VA). Both type of cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM) (Sigma-Aldrich) supplemented with 10 pct fetal bovine serum (FBS) and grown at 310 K (37°C) in a humidified environment with 5 pct CO 2 plus 95 pct air separately. Both type of cells were seeded in 96-well plates and allowed to attach for 48 hours. The suspension of Mg x Ce 1Àx O 2 nanostructures was applied to both types of cells. The cells without nanostructures were used as a control in these experiments. CCK-8 analysis was done for cell viability assay, and pictures were taken from a phase contrast microscope. Reactive oxygen species (ROS) detection was carried out by flow cytometry. [32, 33] III. RESULTS AND DISCUSSIONS XRD patterns of the prepared samples in the 2h range of (20-80) are depicted in Figure 1 . For the synthesized Mg x Ce 1Àx O 2 samples, all peaks in XRD patterns are well indexed to the cubic fluorite structure of CeO 2 . No peaks related to Mg, MgO, or any other impurities were found, which demonstrates that Mg ions are successfully doped into the cubic fluorite structure of CeO 2. The lattice parameters of ceria have been calculated by using the relation:
where d is the interplanar distance between the parallel planes and a is the lattice constant of a simple cube. The values for the lattice constant a have been observed to decrease, varying from 5.44 to 5.33 Å with Mg doping. This decrease in lattice constant values may be assigned to the smaller ionic radii of Mg ions as compared to Ce ions. [34] The Scherer formula as given below has been used to obtain average crystallite sizes from the (111) peak for all the samples:
where h is Bragg's angle in radians, B is the full width at half maximum (FWHM), and k depicts the wavelength (k = 0.154 nm) of the Cu K a radiation used to obtain the XRD patterns. The calculated values of the crystallite size have been observed to decrease from 9 to 5 nm, which may also be attributed to the difference in the ionic radii of dopant and host ions. The SEM micrographs of CeO 2 with varying Mg doping levels are shown in Figure 2 . Figure 2(a) shows the morphology of the undoped CeO 2 sample, which depicts the presence of large grains having flake-like shapes with an average thickness of 200 nm. These large grains may be formed due to the self-aggregation of small nanocrystals into large flakes during the annealing process. Furthermore, a morphological transformation from flakes to rods has been observed with Mg doping.
This morphological transformation may be explained on the basis of Pauling electronegativity. As is well known, if ions with higher Pauling electronegativity are replaced by ions having lower Pauling electronegativities, then the growth rate and orientation may be changed, which leads to morphological transformation. [35] An FTIR technique is used to determine the surface chemistry and modes of vibrations of chemical bond present in the samples. FTIR spectra of the prepared nanostructures are given in Figure 3 , which have been recorded at the room temperature in a spectral range of 400-4000 cm À1 . The peak located at 1729 cm À1 is related to the H-O-H functional group. The absorption band observed at 1450-1200 cm À1 is a characteristic peak for the hydroxyl group, whereas the band located at 881.9 cm À1 shows the C=O 2 functional group. The absorption band at 489-462 cm À1 is related to the Ce-O stretching vibrations. [36] UV-visible absorption spectroscopy has been used to investigate the optical characteristics of Mg x Ce 1Àx O 2 nanostructures. Figure 4 shows the absorption spectra of Mg x Ce 1Àx O 2 nanostructures, respectively, in the range of 200-800 nm. The typical absorption peak that appears at 315 nm (3.93 eV) for bulk CeO 2 is due to the charge transfer from 2p (O) orbital to 4f (Ce) orbital. [37] The typical band gap absorption peak of the synthesized undoped CeO 2 nanostructures appears at 311 nm (3.98 eV), which is blue shifted as compared to the bulk CeO 2 , as shown in Figure 4 . This shift is also previously reported and is suggested to be due to the quantum confinement effects. [38] The main absorption edge peak has been observed to undergo further blue shift with Mg doping as compared to that of undoped CeO 2 , as shown in Figure 4 . This indicates the widening of the CeO 2 band gap with Mg doping. This enhancement in the band gap energy of CeO 2 nanostructures with Mg doping may be due to the large band gap of MgO (7.8 eV). Furthermore, Mg doping can lead to a higher abundance of Ce 4+ ions as compared to Ce 3+ ions in the CeO 2 matrix, which can also result in widening of its band gap. [39] To study the Mg doping induced effects on the electrical characteristics of CeO 2 nanostructures, the AC conductivities of all the prepared samples have been determined and shown in Figure 5 . Figure 5 shows the variation of AC conductivity of all the prepared nanostructures as a function of AC frequency at room temperature. In all samples, the AC conductivity is nearly constant at low frequencies and then increases above a certain characteristic point with the increase in frequency according to the power law, which states that the AC conductivity is directly proportional to the AC frequency. It is observed from Figure 5 that at any frequency, the AC conductivity of CeO 2 nanostructures increases with the increase in Mg doping concentration levels. As with Mg doping, the Mg 2+ ions replaces Ce 4+ ions. Hence, it is reasonable to argue that with Mg doping there will be more electrons in the system, which results in the increase of AC conductivity of CeO 2 nanostructures. Furthremore, to attain charge neutrality, defects will be created in the system that in turn will lead to enhanced electrical conductivity.
To evaluate the cytotoxicity of Mg x Ce 1Àx O 2 nanostructures for cancerous SH-SY5Y cell lines and healthy HEK-293 cell lines, both cell lines were grown separately in DMEM with 10 pct FBS for 24 hours and their effects on SH-SY5Y cells and HEK-293 cells were tested. To investigate the cell viability, optical microscopy of both types of cells was performed. As a result, the total cell number was quantified both with and without doped and undoped nanostructures.
The cell viability assay, as depicted in Figure 6 , indicates that Mg x Ce 1Àx O 2 nanostructures show selective cytotoxicity. These prepared samples were found to be cytotoxic for SH-SY5Y cell line as the graphs indicate that the number of cancer cells after treatment with the synthesized Mg x Ce 1Àx O 2 nanostructures was decreased significantly. However, it can also be concluded from cell viability assay that undoped CeO 2 nanostructures as well Mg doped ceria nanostructures are noncytotoxic for HEK-293 cells as there is no change observed in the cell viability assay of HEK-293 cells, thus, making all synthesized samples biocompatible. Now, the question of why the synthesized nanostructures have this differential cytotoxicity arises. Uncontrolled and excess production of ROS in cells always has damaging effects on the cells. Therefore, exposing the cells to external chemicals induces oxygen-containing radicals in the cells, thus, creating imbalance in the amount of ROS within the cells. The excess ROS generated causes oxidative stress in the cells, thus, leading to the destruction of cells via cell membrane rupture, apoptosis, and even necrosis. ROS generation is strongly dependent on the type and environment of the cells. Healthy cells provide a basic atmosphere that supports the redox cycle between +3 and +4 oxidation states of cerium, thus, resulting in no increase in ROS in the cell. However, cancer cells have a slightly acidic atmosphere that does not support this redox cycle between oxidation states but increases the generation of free radicals by oxidation of lipids, proteins, and various enzymes present in the cancer cells. As a result, the ROS level in the cell increases and the oxidative stress causes cell death. [40] [41] [42] [43] [44] To evaluate whether the differential cytotoxicity of the Mg x Ce 1Àx O 2 nanostructures is due to ROS generation, the ROS generation analysis for both types of cell lines was conducted. It can be observed from Figure 7 that ROS generation in cancer cells has increased considerably after treatment with undoped CeO 2 and increases only slightly after incubation of Mg doped CeO 2 . The increased ROS has drastic effects on cancer cells, thus, confirming that the prepared samples can be employed for neuroblastoma treatment. Figure 7 also depicts that a negligibly small increase can be observed in ROS production for the HEK-293 cells, thus, making Mg x Ce 1Àx O 2 nanostructures biocompatible and safe for healthy cells. Hence, the selective cytotoxicity of the synthesized nanostructures may be attributed to the ROS generation.
IV. CONCLUSIONS
In conclusion, Mg ions are successfully doped into CeO 2 host lattice. It has been found that Mg doping has decreased the lattice constants and average crystallite sizes. FTIR spectra also supports the formation of a single-phase cubic fluorite structure for undoped and 
